The aim of this study was the analysis and characterization of composites based on thermoplastics (ethylene vinyl acetate, polypropilene and high-density polyethylene) and chicken feathers. Several composite samples with a content of 20% v/v of chicken feathers have been studied to determine the optimal manufacturing conditions of temperature, mixing time, and mixing speed to achieve the best tensile properties. The results have shown that the addition of micronized chicken feather (20% v/v) to thermoplastic matrices increases stiffness and provides a more brittle behavior. Ethylene vinyl acetate matrix also shows an ability to participate in second-order intermolecular interactions with chicken feathers, providing better tensile properties (tensile strength and toughness) than polypropilene and high-density polyethylene. Optimal manufacturing conditions were found for a mixing time of around 5 min; a mixing speed of 50 r min À1 ; and temperature values of 160 C in case of high-density polyethylene, 120 C for ethylene vinyl acetate, and 170 C for polypropilene. Fourier transform infrared spectroscopy, differential scanning calorimetry and scanning electron microscopy analysis have been performed in order to provide further understanding of the compatibility and microstructural features that support the tensile properties of the materials.
Introduction
Nowadays, there is a great concern about the huge amounts of waste that are produced year after year around the world. Special attention is paid to materials that are not biodegradable, such as plastics, or waste that even being biodegradable is produced in great quantities. Tire rubber, because of its steady increase in production around the world, belongs to the first category and chicken feathers (CFs), which are an interesting biogenic abundant and biodegradable waste, to the second.
Several research groups are working with many types of waste in order to design new materials with added value. In this sense, tire rubber has been proposed as filler or reinforcement in composites. Thermoplastic, thermosets, and rubber matrices 1 have been tested, presenting interesting tensile, 2À5 electrical, 6, 7 or acoustical properties. 8, 9 Analogously, CFs can be also used as reinforcement in composite materials. technical material. Their unique properties such as low density, biodegradability, and good thermal and acoustic properties make them a good candidate in order to achieve materials with potential industrial applications. 10, 15, 16 Pretreated CFs have been used to manufacture composites with improved mechanical, thermal, and acoustic properties. 11, 17 The main issue is that properties and development of these materials are influenced by the compatibility between the composite components, since the fiber-matrix interaction can significantly influence the final macroscopic properties of the composite product. However, the combined hydrophilic and hydrophobic character of CFs resulted from their chemical nature could be useful in order to establish adequate interaction with polymeric matrices. 12 The scope of this study is to determine the optimal manufacturing conditions of temperature, mixing time, and mixing speed in order to obtain CFs composites with the best mechanical properties. Three different matrix composites (ethylene vinyl acetate (EVA), polypropilene (PP), and high-density polyethylene (HDPE)) reinforced with 20% of CFs have been analyzed. Previous studies have shown that composites with 20% of CFs offer the best balance between tensile properties and the amount of CFs. The objective is to include as much CFs as possible, but it has been shown that when the percentage of CF increases until 40% the tensile properties significantly decrease. 18 So, mechanical and physical properties of the obtained materials have been studied for different manufacturing conditions. Spectroscopy, microscopy, and thermal analysis techniques have been used to corroborate the mechanical results and to understand the chemical and morphological microstructures that are responsible for the materials behavior. CFs were first washed and sanitized in a bath at room temperature containing 6.75 g l À1 of a cationic antibacterial surfactant (Tetranyl BC-80, Kao Corporation S.A., Spain) with a 40/1 (v/w) liquor ratio for 60 min. After that, the CFs fibers were filtered and rinsed with deionized water and dried in an air oven at 60 C for 48 h. Deionized water was used in all procedures.
Methodology
In order to homogenize particle size, clean CFs were chopped with a mill machine (RETSCH SN 100 Germany) at a speed of 1500 r min À1 , until each particle size was smaller than 1000 mm. Finally, CFs were air-dried at 105
C for 4 h and kept under dry atmosphere (dessicator) just before the compounding of the composite.
Samples preparation
Composite specimens were obtained by mixing the previously ground and dried CFs with HDPE, PP, and EVA matrices. As discussed earlier, a unique composition has been studied: 20% fiber volume fraction (v/v) and controls of neat HDPE, PP, and EVA were used as references.
The components were mixed using a Brabender mixer type W 50 EHT PL (Brabender Õ GmbH & Co. KG, Germany) heated at three different temperatures for each matrix: 170, 180, 190 C for PP; 140, 150, 160 C for HDPE; and 100, 110, 120 C for EVA, respectively and three different mixed speeds, 50, 75, and 100 r min À1 . The HDPE, PP, and EVA matrices were melted for a minute and then the fibers were added and mixed for different periods, 5, 10, and 15 min.
The blend was then consolidated in a hot plates press machine type Collin Mod. P 200 E (Dr. Collin GmbH, Germany) forming square sheets, measuring 160 Â 160 Â 2.2 mm 3 . Consolidation was carried out at a pressure of 100 kN for 5 min using temperatures of 180, 150, and 100 C for PP, HDPE, and EVA composites, respectively. Finally, the square sheets were cooled under pressure using cool water.
Test samples were properly shaped according to the American Society for Testing and Materials (ASTM) 412 specification to carry out tensile test measurements.
Mechanical testing
Tensile tests were carried out in an Instron 3366 (Instron, UK) universal machine following the specifications of the ASTM-D-638-84. Speed of the test was set at 20 mm min À1 and temperature and relative humidity were 23 AE 2 C and 50 AE 5%, respectively. From load versus displacement test curves, Young's modulus, tensile strength, and elongation at break and toughness were calculated using Bluehill version 2 software. Five replicate specimens were analyzed, and average and standard deviation were calculated.
Spectroscopic analysis
Fourier transform infrared (FTIR) spectra were obtained by means of a Nicolet Avatar spectrometer with CsI optics. Samples of the powdered composite were ground and dispersed in a matrix of KBr (9 mg finely divided composite in 300 mg KBr), followed by compression at 167 MPa to consolidate the formation of the pellet. FTIR spectra were collected in the range of 4000-650 cm À1 with 40 scans and a resolution of 4 cm À1 .
Scanning electron microscopy
Scanning Electron Microscopy (SEM) was used to qualitatively examine the fracture surface of the samples broken by the mechanical tests to study the compatibility at the polymer matrix/CF interface. Several images of the samples were taken in a JEOL 5610 microscope. Previously to the observations, the samples were covered with a fine layer of gold-palladium in order to increase their conductivity.
Thermal analysis
Calorimetric analyses were carried out on a Mettler DSC-822 e thermal analyzer. Samples of approximately 10 mg were placed in aluminum pans under nitrogen atmosphere and analyzed from 50 to 250 C at a heating rate of 10 C min
À1
. The calorimeter was calibrated using an indium standard (heat flow calibration) and an indium-lead-zinc standard (temperature calibration).
Water absorption (WA) and dimensional stability of composites Rectangular specimens (25.4 Â 12.7 mm 2 ) with 2 mm thickness were conditioned in a laboratory air dry oven at 60 C for 24 h, cooled in a desiccator and weighed (w o ). WA of composites was determined by immersion of the specimens in water at 25 C for 24 h (ASTM D570-99). Then, excess of water on the surface of the specimens was removed before weighing (w). Four specimens were tested and average and standard deviation were reported in the ''Results and discussion'' section. The percentage of WA (in %) was calculated using equation (1)
where w o and w represent the mass of the specimen before and after water immersion, respectively. In addition, thickness swelling (in %) of composites was calculated using equation (2)
where " o and " represent the thickness of the specimen before and after the water immersion, respectively.
Density
The experimental density (re) of each composite was determined by the pycnometer method using isopropyl alcohol as the test liquid. Three specimens were tested and average and standard deviation were reported.
Results and discussion

Tensile properties
Young's modulus; tensile strength; elongation at break; and toughness of CFs/HDPE, CFs/PP, and CFs/EVA composites at different conditions of mixing temperature, mixer blade speed and time of mixture were analyzed for a fiber volume content of 20%. As stated above, previous studies have shown the convenience of using that composition. 18 As presented in Table 1 , the tensile properties of the HDPE/20% CFs composite depend on mixing temperature, mixer blade speed and mixing time. The results showed that the best performance was obtained at a mixing temperature of 160 C, a mixing time of 5 min and a mixing speed of 50 r min À1 . Using as reference the neat HDPE, the Young's modulus increases 7.9% (from 1505 to 1624 MPa), the tensile strength decreases 9.6% (from 26.41 to 23.16 MPa), the elongation at break decreases considerably, from 296 to 6.33%, and toughness decreases from 97.5 to 1.03 J. The decrease of tensile strength and specially of the elongation at break and toughness when using a 20% of short CFs are related to the lack of interfacial adhesion between matrix and CF components due to the different chemical nature since CFs are hydrophilic compared to the highly hydrophobic nature of the HDPE. Table 2 presents the tensile properties of PP/20% CFs composite. The results revealed that best performance was obtained with a mixing temperature of 180 C, a mixing time of 5 min and a mixing speed of 50 r min À1 . The composite with PP matrix presents an analogous evolution to the HDPE matrix. For PP/CFs composites the Young's modulus increases 9.2% (from 1596 to 1743 MPa) and tensile strength, elongation at break, and toughness decrease. Composites made with HDPE and PP behave likewise because of their similar hydrophobic nature that leads to weak compatibility with CF.
The composite EVA/CFs achieves its best performance when prepared at a mixing temperature of 120 C, a mixing time of 5 min and a mixing speed of 50 r min À1 . The mechanical behavior of EVA/CFs composites (Table 3) was different compared to HDPE/CFs and PP/CFs behavior. The increase of Young's modulus is very high, 1533% (from 12 to 198 MPa), the decrease of tensile strength is higher than for the case of polyolefinic matrices 65% in front of 10%, although the decrease of elongation at break and toughness is lower in composites with an EVA matrix than in those with HDPE and PP. Elongation at break decreases from 692% to 227% and toughness from 73.18 to 13.22 J. Comparing the global results, we can conclude that EVA matrix improves the mechanical properties because of the presence of carbonyl groups that increases the interfacial adhesion. In all cases the optimal manufacturing conditions were obtained with a mixing time of 5 min and a mixing speed of 50 r min À1 , with 160 C for HDPE, 120 C for EVA, and 180 C for PP. By using a small particle size of CFs (1 mm or less) and controlling the optimal temperature value for each sample, a good balance between degradation and mixing was obtained. A short period of time (only 5 min) and low mixing speed (50 r min À1 ) were enough to achieve the best mechanical properties. It is important to point out that in this study CFs were processed at a controlled temperature and always below 200 C, with the purpose of avoiding significant degradation during composite preparation. At temperatures below 200 C keratin is stable and can be processed for a considerable period of time. 19 
FTIR spectroscopic characterization
The most representative bands of the composite spectra have been analyzed. Figures 1 to 3 compare the spectra of EVA/CFs (Figure 1 ), PP/CFs (Figure 2) , and HDPE/CFs (Figure 3 ) composites containing 20% of CFs to the spectra of their individual components: the neat EVA, PP and HDPE matrix and pure CFs fibers. Arrows in the figures point up the infrared absorption bands that present maximum absorbance shifts or variations in shape which suggest that the assigned groups are involved in the interaction between both components. 23 The differences in the environment of the groups produce a change in their frequencies of vibration. The comparative analysis of different FTIR spectra showed that there was a significant difference in the maximum absorption of the bands assigned to the carbonyl group of acetate component (EVA) (1755 cm À1 ), which interacts with amine group (1537 cm À1 ) causing both groups to move to higher frequency (Figure 1 ). This observation allows us to state that these two components present the best compatibility. These results agree with the obtained mechanical properties of EVA/ CFs, where all tensile properties were higher in value in EVA/CFs composites than in the materials based on polyolefinic matrices.
SEM
Figures 4 to 6 correspond to SEM micrographs of fracture surfaces of different CFs based thermoplastic (EVA, PP, and HDPE) composites containing 20% of CFs. From the observation of the microphotographs at different magnifications (EVA/CFs, PP/CFs, and HDPE/CFs), it is clear that changes in microstructure are not significant. In Figures 5 and 6 (PP and HDPE) , the CFs appear clean and free of any matrix material adhering to them. This is an evident indication of poor adhesion between CFs fibers and polyolefinic matrices. In case of EVA, the adhesion between both components seemed to be better than for PP and HDPE (Figure 4 ). Although the picture shows several pullout feathers, some of them are covered with fragments of EVA matrix. It can be also observed that the fracture of the composites takes place by shear yield and tearing. According to the previous FTIR analysis, the observed differences on the failure surface of composites with the different matrices are attributed to the different chemical nature of the matrices that results in a different adhesion mechanism with the CFs.
Calorimetric analysis
The calorimetric analysis of CF composites has been carried out in order to detect changes in the microstructure produced by the addition of CFs. These changes have been analyzed by DSC as shown in Figures 7 to 9 . Figure 7 shows DSC thermograms of EVA, CFs/EVA, and CF samples. EVA thermogram shows a major endothermic peak at 92 C attributed to the crystalline melting. CF thermogram defines two endothermic peaks, first one is a relatively broader at 113 C attributed to water evaporation and second at 231 C is much sharper than water evaporation and is due to crystalline melting of alpha helix or beta sheet protein. 24 The CFs/ EVA composite thermogram shows three peaks, one at 92 C assigned to EVA matrix, other at 227 C assigned to CF, and other between both at 171 C attributed to transcrystalline melting of EVA matrix adhered on the surface of CFs as it was seen in SEM pictures.
In contrast, the DSC thermograms corresponding to CFs/HDPE ( Figure 8 ) and CFs/PP ( Figure 9 ) do not show any intermediate peak assigned to matrix adhered at CF reinforcement.
WA and dimensional stability of composites
Results of WA of CFs/PP, CFs/HDPE, and CFs/EVA composites at different conditions of mixing temperature, mixer blade speed, and period of mixture were analyzed for a fiber volume content of 20%. All composites showed higher WA than the neat matrix (PP, HDPE, and EVA) due to the hydrophilic character of the CF fibers used as reinforcement. However, WA of composites lay below the WA values of CFs fibers (53 AE 4%) as a consequence of the lack of accessibility of the water to the fiber. Moreover, for the same volume content of CFs (20%), some differences on WA changed depending on the matrix. The WA values of CFs/EVA are higher than those of CFs/PP and CFs/ HDPE. The average WA for CFs/EVA is 1.873% with a maximum of 2.264% and a minimum of 1.407%. The average WA for CFs/HDPE is 0.65% with a maximum of 1.0% and a minimum of 0.4% and the average WA for CFs/PP is 0.5% with a maximum of 0.85% and a minimum of 0.1%. The maximum of WA appears always when using the lower tested value of mixing temperature, 170 (CFs/PP), 140 (CFs/HDPE), and 100 (CFs/EVA). In addition, an increase of the swelling (dimensional stability) was observed when adding 20% of the CF in the matrix of HDPE, PP, and EVA. However, in constrast to the WA results, the dimensional stability was not significantly different for all the matrices (Figure 10 ). The differences observed in WA for both kinds of matrix are related to their own nature, i.e. EVA is more hydrophilic than polyolefinic matrices, due to the presence of ester groups which also produce chemical interactions with the fibers.
Density
Density of different samples is shown in Figures 11  to 13 . Density values are quite close for all samples (0.21% for FCs/EVA, 2% FCs/PP, and 0.31% FCs/ HDPE). Nonetheless, a big difference between theoretical and experimental density is observed in FCs/PP composites, mainly due to the presence of cavities in the interphase fibers-matrix, which implies a decrease of the density, i.e. in agreement with the previously discussed SEM results. Contrarily, the values of theoretical and experimental density of FCs/EVA and FCs/HDPE composites are more similar meaning a less voids in these cases than in FCs/PP.
Conclusion
Mechanical properties and dimensional stability are important parameters in order to achieve a useful biocomposite material and to consider optimal manufacturing conditions.
From this study we can summarize that: (1) the addition of micronized CF to different matrices in smallmiddle quantities (20% v/v) as a filler improves the stiffness and provides a more brittle behavior; (2) EVA matrix, because of the ability to interact with CF, has a lower decrease in elongation and toughness than polyolefinic matrices; (3) optimal manufacturing conditions are obtained with a minimum mixing time (5 min) and a minimum mixing speed (50 r min À1 ), with a maximum value of temperature for HDPE (160 C) and EVA (120 C) and high temperature value for PP (180 C). The main results of FTIR study were the following: (1) few interactions appear between polyolefinic matrices and CFs; (2) carbonyl group of EVA interacts with amine group assigned to CFs, improving the ability to establish a link between both components. SEM micrographs also showed differences depending on the polymer matrix used. Chemical composition in EVA defines suitable conditions to create chemical interactions and improve the compatibility with CFs. The fracture surfaces indicated that there was some interfacial adhesion between CFs and polymer matrix due mainly to the described interaction between the carbonyl group of EVA matrix and the amine group of CFs. DSC of EVA/CF composites defined a transcrystalline melting of EVA matrix that corroborates the SEM results. On the other hand, SEM microphotographs showed that polyolefinic matrices do not seem to achieve a good compatibility with CF. The results in mechanical properties are justified in the light of these considerations.
According to these results, an EVA matrix would achieve improved mechanical performance in terms of elongation and toughness. The differences in the mechanical properties are attributed mainly to the chemical nature of EVA matrix compared to that of the polyolefins. 
